In this paper, a design of beveled-shaped planar antenna has been presented for super-wideband applications.
Introduction
Recently, new research in the public safety domain aims for sensors that are able to provide a high data rate, high-resolution screening, high channel capacity, improved Doppler resolution, and range. Super-wideband radio technology (SWB-RT) could be the solution for the above-mentioned requirements because it enables highresolution sensing in matter as well as in free space. It has some unique advantages compared to narrowband technology, and it also improves ultra-wideband (UWB) radio technology advanced features, which include precise screening, super-resolution in communication systems, enhanced channel capacity, etc.
It is known that an antenna plays an important part in wireless communication systems including UWB/SWB systems. The difficulties and challenges are significant in designing SWB antennas. First, the performance of the SWB antenna should be constant over the entire bandwidth. Second, omnidirectional or directional radiation characteristics are required depending on the application. Omnidirectional radiation properties are usually demanded in cell phones and hand-held devices. Third, SWB antennas should be compact so that they can be installed on portable devices. Lastly, SWB antennas should optimize the overall system's performance, which means that the antenna should be designed in such a way that the device complies with the essential power emission mask governed by the FCC or other regulatory bodies. Besides the above-mentioned requirements, the ratio bandwidth of antenna should be ≥10:1 [1] . Therefore, keeping in view these demands, many SWB antennas have been designed and presented in the literature.
In [2] , the authors widened the bandwidth of planar antennas up to 10:1 by utilizing a short pin and beveling technique. After that, Wong et al. [3] enhanced the impedance bandwidth of a metal-plate antenna by * Correspondence: umair-rafique@hotmail.com This work is licensed under a Creative Commons Attribution 4.0 International License. using a trident feed. The ratio bandwidth of the presented antenna is 8.3:1 from 1.38 to 11.45 GHz with improved stability of radiation patterns. Agrawall et al. [4] proposed an elliptical metal-plate antenna and achieved an impedance bandwidth of 1.21-13 GHz and ratio bandwidth of 10:1. In [5] , a planar inverted cone antenna (PICA) was reported with greater bandwidth. The modification was made in the PICA by adding two circular holes to achieve omnidirectional radiation performance over a bandwidth of 7:1. The metal-plate antennas can achieve SWB bandwidths, but they require perpendicular ground planes, which tends to increase the system's complexity. Compared to metal-plate antennas, printed/planar antennas are more promising candidates for SWB applications due to their light weight and easy integration with devices. Many planar antennas have been reported in the literature for wideband applications, and these printed antennas are either microstrip line-fed or coplanar waveguide-(CPW) fed.
An example of a CPW-fed antenna is the printed semielliptical monopole [6, 7] . These designs provide a ratio bandwidth of 19.7:1. The presented structures are based on a tapered CPW feed line and a trapezoidal ground plane. Liu et al. [8] improved the bandwidth of CPW-fed printed elliptical antennas by incorporating a semiring with a tapered feed line. From this design, the authors achieved an impedance bandwidth from 1.02 to 24.1 GHz with a ratio bandwidth of 23:1. The design also offered good radiation characteristics and gain in the entire bandwidth. In [9] , a CPW trident-shaped feed line-based hexagonal patch radiator was presented for SWB performance. This design is smaller than the design reported in [8] . The reported design is able to provide an impedance bandwidth in the frequency range of 2.76-40 GHz.
In [10] , a propeller-shaped CPW-fed planar monopole antenna was presented for SWB applications. The authors modified a circular shape into a propeller shape to achieve an impedance bandwidth from 3 to 35 GHz. The presented antenna also provides omnidirectional radiation characteristics in the SWB range. A modified inverted triangular CPW-fed antenna was presented in [11] . The inverted triangular structure base consists of two rectangular-shaped notches and a parasitic rectangular patch. According to the simulated and measured results, the antenna is able to resonate in the frequency range of 3.06-35 GHz. In [12] , a holly-leaf-shaped planar monopole antenna was presented for wideband applications. A square notch was designed on the grooveshaped ground plane to enhance the impedance bandwidth. Through this modification, the antenna provides measured -10 dB bandwidth from 2.1 to 15.4 GHz. The same technique was applied on a clover structure to get SWB response [13] . A cube-like planar monopole antenna was reported in [14] for SWB directional radiation characteristics. According to the authors, the antenna is able to provide extremely wide impedance bandwidth in the frequency range of 50-200 GHz, but its experimental validation is not available.
A tapered feed line has also been used to increase impedance bandwidth of planar antennas. In [15, 16] , the authors utilized a tapered semiring feed connected to an elliptical patch and a tapered feed line with a small groove-shaped ground plane to get SWB performance. The same technique was also reported in [17] with a semicircular patch. A novel elliptical slot antenna has been designed and presented for wideband applications [18] . The 45
• rotated elliptical slot is etched from the ground plane and excited by a circular patch. A tapered microstrip line is used to get maximum impedance matching. Simulation results showed that the antenna offered 20:1 ratio bandwidth in the frequency range of 2.54-40 GHz. A dual-branch feed asymmetric monopole antenna was presented in [19] . The antenna consists of an asymmetric trapezoid ground plane and a modified rectangular patch. With this configuration, the authors observed 2:1 VSWR bandwidth of 31:1 from 1.05 to 32.7 GHz. In this paper, a beveled-shaped planar antenna is designed and presented for SWB applications. The overall size of the proposed antenna is 80 ×80 ×1.57 mm 3 , which is more compact than the designs presented in [8, 15, 16, 20] . The bandwidth of the proposed antenna is enhanced by using a tapered microstrip feed line and two ground planes designed on the top side of the substrate. From simulations, it is observed that the proposed antenna provides a response in the frequency range of 0. 
Proposed antenna design
The configuration of the proposed SWB antenna is shown in Figure 1 , and the overall optimized design parameters are listed in Table 1 . The substrate used for the design of the proposed antenna is Rogers RT/Duroid 5880 with thickness h = 1.57 mm and relative permittivity ε r = 2.2. From Figure 1 , it can be seen that the proposed antenna consists of a beveled-shaped radiator fed by a tapered microstrip feed line, a partial ground plane on the back side of the substrate, and two ground planes on the top side. Figure 1 . Geometry of the proposed beveled-shaped SWB planar antenna. The construction of the proposed antenna starts with the design of the planar beveled-shaped antenna fed by a standard microstrip feed line as shown in Figure 2a . The width of the feed line is calculated by using a standard feed line equation given in [21] . In the second step, a microstrip line is replaced with a tapered feed line as shown in Figure 2b . The impedance of the tapered feed line is gradually changed from 50 Ω to 100 Ω at the radiation element. The feed line's width at the bottom end (W bot ) is 3.8 mm, and the width at the top end (W top ) is 1.8 mm. It has been described that the use of a symmetrical feed line to a planar antenna can support the excitation of vertical characteristics mode and efficiently stimulate the vertical current component on the radiating patch, leading to enhancement in impedance bandwidth [3] . In the last step, two ground planes are designed on the top side of the substrate [22, 23] , as shown in Figure 2c . The use of the ground plane with antenna element minimizes spurious radiations, which tends to enhance impedance bandwidth.
The antenna designs shown in Figures 2a-2c are simulated in ANSYS HFSS and their respective VSWR results are depicted in Figure 3 . It can be observed from Figure 3 that antenna I provides a response in the frequency range of 2.73-20 GHz. A band-notch response has also been observed from 20.2 to 20.68 GHz. The second modification, antenna II, decreases the lower frequency limit from 2.73 to 1.12 GHz as shown in Figure  3 . It is also observed from Figure 3 that the use of the top ground plane further reduced the lower frequency limit from 1.12 to 0.25 GHz and extends the upper frequency limit up to 25 GHz. 
Results and discussion
For the verification of simulation results, the proposed antenna was fabricated and the prototype is shown in Figures 4a and 4b . VSWR measurement was carried out using an Agilent Technologies N5232A vector network analyzer in the frequency range of 0.1-20 GHz, because it is the maximum available limit. Good agreement is observed between simulated and measured VSWR results, as shown in Figure 5 . The deficiency between the results is due to imperfect soldering of the SMA connector and fabrication tolerances. One can get the return loss results of the proposed antenna by using the expression given below:
where Figure 6 presents the effect of input impedance over frequency in terms of its real and imaginary parts. It is observed that the real part is oscillating around 50 Ω, while the imaginary part fluctuates around 0 Ω . This shows that the average input impedance of the antenna is approximately 50 Ω .
The simulated normalized radiation patterns for the E-and H-plane at 1.2, 7.85, and 16 GHz are shown in Figure 7 . These frequencies are selected to demonstrate radiation characteristics of the proposed antenna for lower, middle, and higher resonant frequencies. The radiation patterns indicate that the proposed antenna exhibits omnidirectional radiation characteristics for the H-plane at lower frequencies, as shown in Figure 7a .
A typical eight-figure (dipole type) radiation pattern (Figure 7a) is observed in the E-plane at 1.2 GHz. For frequencies greater than 7.85 GHz (Figures 7b and 7c) , ripples are observed since the antenna operates in higher order modes instead of typical monopole mode.
The simulated peak gain of the proposed antenna is shown in Figure 8 . The average observed gain is 7 dBi in the frequency range of 0.3-17 GHz. After that, the gain decreases because, at higher frequencies, the dielectric losses are high. Furthermore, electrical dimensions of the radiation element become large and antiresonances are excited by inverse currents, which results in a low gain.
A comparison between previously presented and proposed SWB antennas is done in terms of dimensions, ratio bandwidth, and bandwidth dimension ratio (BDR). BDR allows antenna designers to distinguish the size and bandwidth characteristics of their designs from those of other structures. BDR is defined as [24] :
where λ is the wavelength of the lower operating frequency. Comparative analysis between the proposed SWB antenna and other SWB antenna designs is presented in Table 2 . It is observed that the proposed antenna is smaller in size than the antennas presented in [8, 15, 16, 20] , and its performance is better compared to the designs of [10, 17, 19, 24, 25] . 
Conclusion
A beveled-shaped planar monopole antenna has been presented for super-wideband applications. A complete design procedure has been presented, which is used for the development of the proposed antenna. The proposed design consists of a beveled patch radiator fed using a tapered microstrip feed line, a partial ground plane on the bottom side, and two ground planes on the top side of the substrate. The top ground planes are utilized to minimize undesired radiations generated from the feed line and to enhance impedance bandwidth. From simulation results, it has been observed that according to VSWR ≤2, the proposed antenna has a ratio bandwidth of 100:1 from 0.25 to 25 GHz, while measured results demonstrate that the proposed antenna provides a response in the frequency range of 0.3-20 GHz with a ratio bandwidth of 66.6:1. Moreover, the proposed design exhibits good radiation properties and offers acceptable gain in the entire operating bandwidth.
